Objectives: We aimed to compare the markers of thyroid hormone status in treated euthyroid Graves' patients and levothyroxine (LT4)-treated hypothyroid Graves' patients.
Background
The three forms of current therapeutic management of hyperthyroidism have been available for more than 70 years. However, medical treatment by antithyroid drugs is accompanied by a 50% risk of relapse and ablation of thyroid tissue by radioiodine or surgery may inactivate thyroid at the expense of definitive disease, hypothyroidism (1) .
The belief that the restoration of euthyroidism is achieved in all hypothyroid patients by levothyroxine (LT4) monotherapy has come under question in recent years (2) (3) (4) (5) . The standard management of hypothyroidism by thyroid hormone replacement, mainly LT4 administration, to normalize serum TSH (6) has been based on the knowledge that T4 is converted to T3 by iodothyronine deiodinases in peripheral tissues (7) . Assuming that LT4 therapy will maintain an adequate serum pool of T4 and that its concomitant deiodination in tissues provides physiologic T3 availability has made LT4 monotherapy the ideal replacement treatment for hypothyroidism (6, 8) .
It has been known that many hypothyroid patients treated with LT4 complain of some symptoms of hypothyroidism (9) . An original study by the Morreale de Escobar group showed that euthyroidism cannot be restored in plasma and all tissues of thyroidectomized rats on T4 per se (10). Recent studies have shown that patients on LT4 replacement exhibit significant impairment in psychological well-being (5) and decreased resting energy expenditure when compared to normal controls (4) . These abnormal findings occur despite lower serum TSH and substantial risk of having suppressed serum TSH levels in athyreotic patients on LT4 therapy (2) . In addition, hypothyroid patients using LT4 showed a lower serum T3:T4 ratio and higher body mass index (BMI) and differed in 12/52 objective and subjective variables compared to healthy matched controls (3) .
Antithyroid drugs restore euthyroidism in patients with Graves' hyperthyroidism although hyperthyroidism recurs in some patients after the drugs were withdrawn (11) . Therefore, many patients experience ablation therapy and exhibit a hypothyroid state after thyroid ablation with radioiodine or surgical treatment or following short-or long-term remission (12).
Objectives
The current study aimed to evaluate and compare some parameters related to thyroid hormones in treated euthyroid Graves' patients and those on LT4 treatment due to radioiodine-induced hypothyroidism.
Methods

Patients
A cross-sectional study was conducted on 277 patients, recruited from a single endocrine clinic in Tehran. All eligible patients were approached to ascertain and confirm their consent to participate in this study. Finally, 140 radioiodine-treated Graves' hypothyroid patients on LT4 treatment (group 1), 83 euthyroid Graves' patients on methimazole (MMI) treatment (group 2), and 54 euthyroid Graves' patients who were off MMI or radioiodine therapy for over 2 years (group 3) agreed to participate. The criteria for diagnosis of Graves' disease were signs and symptoms of hyperthyroidism and Graves' orbitopathy and or dermopathy, suppressed TSH < 0.1 mU/L, elevated serum concentration of fT4 and/or T3, and elevated TRAb or elevated thyroid uptake. The majority of patients were treated with methimazole for 18 months. Radioiodine therapy was performed for those who had a recurrence of hyperthyroidism or because of patient's choice as the initial therapy in 11% of the patients. There were no variables in patients' selection that could interfere with outcomes.
Radioiodine-Treated Euthyroid Graves' Patients on LT4 (Group 1)
In this group, 140 patients aged 19 -70 years were included, who had received radioiodine treatment for diffuse toxic goiter for a median of 44 months before the study and had become hypothyroid 2 -10 years before recruitment. The results of weight measurement in the medical records of 88% of the LT4 group patients were available before and after hypothyroidism. All except for three patients had a weight difference of < 1 kg before LT4 treatment. At the start of LT4 treatment, all patients had TSH of > 10 mU/L and FT4 of 10 -16 pmol/L. All patients had thyroid function tests and clinic visits every six months. Hypothyroid patients were treated with daily doses of LT4 75 -150 µg and attended an endocrine clinic every 6 -12 months. The dosage of LT4 was adjusted according to serum TSH levels at each visit. In the last two years before the study, serum TSH was out of the normal range in only 11% of the study sample.
Euthyroid Graves' Patients on MMI Therapy (Group 2)
In this group, 83 Graves' patients, aged 19 -65 years, were on MMI treatment for 23 ± 12 months. All were euthyroid in the past 12 months with continuous use of MMI 2.5 -7.5 mg daily. They attended an endocrine clinic every 4 -12 months. The dosage of MMI was adjusted at each visit according to serum TSH concentration.
Euthyroid Graves' Patients on Treatment (Group 3)
In this group, 54 patients with a history of Graves' disease for a median of 53 months were included, who had been treated with either MMI (32 patients) or radioiodine (22 patients) and had been off thyroid treatment for over two years and were clinically and biochemically euthyroid.
A total of 22 patients had diabetes mellitus and were excluded from the study. After the exclusion of diabetic patients, 130, 73, and 52 patients remained in groups 1, 2, and 3 for analysis, respectively. No subjects had any other acute or chronic diseases or were on corticosteroids and other non-thyroid medications that could alter thyroid hormone levels or weight.
The protocol of the study was approved by the Ethics Committee of the Research Institute for Endocrine Sciences and subjects gave written informed consent before enrollment.
Clinical Measurements
Patients were interviewed privately using pretested questionnaires. Initially, information was collected on demographics, smoking status, and family history of diabetes and medication use. To avoid inter-observer error, all measurements were taken by the same person for either gender.
Anthropometry
Anthropometric measurements were taken without shoes and wearing light clothing. Height was measured according to the standard protocol. Waist circumference was measured at the level of the umbilicus and hip circumference, over light clothing, at the widest girth of the hip.
Laboratory Measurements
A blood sample was taken after 10 -12 hours fasting for determination of blood sugar (FBS) and serum concentrations of insulin, lipids, T4, fT4, T3, TSH, TPOAb, and TSH-receptor antibody (TRAb). The standard 2-hours postchallenge plasma glucose test (one-step World Health Organization Procedure) (13) was performed for participants who were not on glucose-lowering agents. Details of measuring plasma glucose and lipids (triglycerides, HDL cholesterol) have been described elsewhere (13) .
Serum fT4, T4, and T3 were measured by radioimmunoassay and serum TSH by the immunoradiometric assay using kits (Izotop, Budapest, Hungary). We measured TPOAb by the immunoenzymometric assay (Monobined, Costa Mesa, CA, USA) and TRAb by immunoenzymometric assay (Bio Vendor Laboratory Medicine Inc., Czech Republic). The inter-assay coefficient of variation for all tests was < 8% and intra-assay coefficient of variation for all tests was < 10%. Reference ranges in euthyroid adults were as follows: fT4, 9 -26 pmol/L; T3, 80 -199 ng/dL; TSH, 0.4 -5.0 mU/L; TPOAb, < 40 IU/mL; and TRAb < 1 negative, 1 -1.5 gray zone, and > 1.5 U/mL positive).
Statistical Analysis
Normal continuous variables were expressed as mean and standard deviation, while median and interquartile ranges were reported for skewed variables. It was found that 82% of patients were female and only 5% had a history of smoking; 26% of 47 male patients and altogether 22 (9%) of all patients were smokers. Therefore, smoking was not used for the adjustment in the analysis. One-way ANOVA, Bonferroni and Scheffe post hoc, and Mann-Whitney tests were employed for analysis of data. Pearson's and Spearman's correlation coefficients were employed to assess the relationship between the T3:T4 ratio and other normal and skewed variables, respectively. Covariates with p values of less than 0.1 in the univariate analysis were selected to be adjusted in the multivariate model, which was utilized to compare the T3:T4 ratio between the two groups. We set the statistical significance level at a two-tailed type I error of 0.05. All statistical analyses were performed using SPSS version 22.
Results
Study patients were aged 52.5 ± 12.9 years and 18% were males. The thyroid parameters of the three groups are shown in Table 1 . The mean dose of LT4 was 129 ± 8 µg daily in group 1, corresponding to 1.61 µg/kg body weight, and all patients were clinically euthyroid with normal serum fT4 and T3 concentrations. Serum fT4 concentration was lower and T3:T4 ratio was higher in either of groups 2 and 3 than in group 1. All other variables were also significantly different between group 2 and group 1. The differences in serum T3 and TSH concentrations were not statistically significant between groups 1 and 3. In group 3, there was no difference in any variable of systematic thyroid hormone status between those who had a history of MMI and those with radioiodine therapy.
The comparison between group 1 data and combined data of groups 2 and 3 showed significantly higher serum fT4 (15.4 ± 3.7 vs. 12.8 ± 3.9 µg/dL, P < 0.001), and significantly lower serum T3 (120 ± 37 vs. 136 ± 38 ng/dL, P < 0.001) and serum TSH (1.36, 0.46 -3.38 vs. 2.31, 1.37 -4.06 mU/mL, P < 0.002) in group 1 than in combined groups 2 and 3; moreover, the T3: T4 ratio was also 27% lower in group 1. Serum TSH of <0.1 and <0.4 mU/L was found in 5% and 22% of patients of group 1 and in 2% and 8% of patients in groups 2 and 3, respectively; meanwhile, serum TPOAb was higher in groups 2 and 3 than in group 1.
The comparison between group 2 and group 3 showed the significantly higher T3:T4 ratio and TRAb in group 2, but no difference in serum fT4, T3, and TSH concentrations between the two groups.
Anthropometric data, lipid profiles, and carbohydrate tolerance and resistance are shown in Table 2 . The comparison between groups 2 and 3 showed no significant difference in various parameters. Group 2 had lower BMI and serum concentrations of cholesterol, triglycerides, and LDL-cholesterol than group 1. The comparison between group 1 data and combined data of groups 2 and 3 showed that group 1 had significantly higher BMI (28.3 ± 4.5 vs. 26.7 ± 4.3 kg/m 2 , P < 0.01), serum cholesterol (203 ± 3 vs. 191 ± 35 mg/dL, P < 0.005), serum triglycerides (146, 101 -195 mg/dL vs. 118, 85 -161 mg/dL, P < 0.001) and serum LDLcholesterol (111 ± 23 vs. 103 ± 24 mg/dL, P < 0.001) and lower HDL-cholesterol (49.4 ± 12.33 vs. 53.1 ± 11.6 mg/dL, P < 0.02).
Associations Between Variables
Age, BMI, and serum triglycerides, insulin, and HOMA-IR in group 1 and serum FBS, TRAb, and TSH in combined groups 2 and 3 were correlated with serum T3:T4 ratio (Table 3).
The results of the univariate regression analysis showed that BMI, FBS, insulin, triglycerides, and TSH had p values of < 0.1 (Table 4) . These variables were adjusted in the multivariate model. Table 5 shows that the presence of BMI and serum FBS, insulin, triglycerides, TSH andcombined groups 2 and 3 had a significant positive effect on T3:T4 ratio compared to group (R 2 = 0.26). 
Discussion
The present study showed that compared to euthyroid Graves' patients, Graves' patients taking LT4 treatment following radioiodine treatment exhibited higher serum fT4, lower serum T3, and lower T3:T4 ratio, despite lower TSH levels. In addition, LT4-treated patients had higher BMI and deranged lipid profiles. Although previous studies demonstrated that not all systemic biological markers of thyroid hormone signaling normalized after LT4 monotherapy, this is the first report of the same phenomena in Graves' patients.
Previous studies have also shown the same results in the LT4 monotherapy settings, as compared to normal controls (2-4). The present study showed that serum concentrations of fT4, T3, and TSH, BMI, and lipid profiles in euthyroid Graves' subjects, like normal subjects, differed from those of patients taking LT4; this finding confirms previous suggestions that using exogenous LT4 fails to mimic all physiological effects exhibited by normal thyroid function (3, 14) . It is well known that in euthyroid subjects, serum T3 and T4 levels are defined by thyroid secretion of both hormones, as well as T3 production from T4 in peripheral tissues via both type 1 and 2 deiodinase pathways. In contrast, in LT4-treated patients, the predominant source of circulating T3 is the production from T4 by type 2 deiodinase. Tables 1 and 2 .
Therefore, it is not surprising that, in this study, the T3:T4 ratio was 27% lower in LT4-treated individuals than in euthyroid Graves' patients.
Serum TPOAb was lower in group 1 than in the other two groups because of the ablation of thyroid cells by radioiodine treatment while thyroid cells were present in all group 2 and some group 3 patients. Serum TRAb was lower in group 3 than in other two groups; this was due to remission status of hyperthyroidism in the majority of patients in group 3. In addition, patients in group 2 that had been treated with MMI for approximately two years had higher TRAb values than those in groups 1 and 3 and the stimulation of TSH receptor and driving of D 3 may have been responsible for further increase in the T3: T4 ratio. This may also explain the higher T3: T4 ratio in group 2 than in group 3 patients.
The ability of the human body to generate T3 in patients with hypothyroidism treated with LT4 has been known since classic studies demonstrating normal serum T3 values in LT4 monotherapy in hypothyroid patients (7, 15) ; however, the results of such early studies have limInt J Endocrinol Metab. 2019; 17(4):e95385. 5
ited direct application to the present LT4 therapy because the doses of LT4 were much higher than currently administered doses. It was also demonstrated that when fT4 or T4 index values were elevated, the serum T3:T4 ratios were lower than euthyroid controls, suggesting a protective downregulation of type 2 deiodinase (16).
In the new era of lower LT4 doses with the employment of sensitive TSH measurements to avoid thyrotoxic doses of LT4, studies have shown that in adequately treated hypothyroid patients with LT4, serum total T4 and FT4 are higher than control values; therefore, T3:T4 ratios are lower than control values (17, 18) .
The relationship between decreased T3:T4 ratio in LT4-treated patients and demographic and biochemical variables is not fully understood. In order to respond to the question whether using LT4 alone in hypothyroid status could ensure thyroid hormone actions simultaneously in all tissues, an animal study conducted 24 years ago found that in thyroidectomized rats, treatment with T4 per se was unable to provide both normal T4 and T3 concentrations simultaneously in plasma and all tissues. In addition, they could not ensure normal T3 levels in all tissues of rats, even at the expense of excessive T4 concentrations (10). Moreover, studies have shown that the physiology of thyroid hormone secretion and metabolism in rats is quite different from what occurs in humans (19, 20) .
Saravanan et al. in a community-based study, demonstrated that in LT4-treated hypothyroid subjects, even those with normal serum TSH, showed significant deficits in psychological well-being tests, compared to normal controls. The authors suggested that significant psychological morbidity occurred in a substantial number of LT4-treated individuals; however, in their 2006 report, they found no correlation of health-related quality of life-12 (GHQ-12) and the thyroid symptom questionnaire with serum T3 concentration (21) . In the current decade, three additional studies have shed more light on this subject. Gullo et al. in 2011 stated that LT4 monotherapy cannot guarantee euthyroidism in athyreotic patients because these individuals have a highly heterogeneous T3 production capacity from orally administered LT4, resulting in abnormal T3:T4 ratios in over 20% of them (2). Samuels et al. found normal energy expenditure (REE) and body composition in LT4-suppressed subjects but decreased REE in LT4 euthyroid women, accompanied by lower mean fT3 levels (4). Finally, Peterson et al. showed that based on NHANES data, those using LT4 had lower serum fT3:fT4 ratio and differed in 12/52 metabolic variables from healthy controls; however, only a few clinical parameters were significantly related to the free fT3:fT4 ratio and the strength of the association was not always impressive (3); they reported that age, female sex, and serum creatinine were negatively and BMI, total cholesterol, and triglycerides were positively associated with serum fT3:fT4 ratio.
We previously found that LT4-treated patients have increased BMI (21) and deranged lipid profiles (22) , when compared to euthyroid Graves' subjects on long-term MMI treatment. It is noteworthy to mention that many factors may influence weight differences between groups, including the periods of transient hypo-or hyperthyroidism, treatment of hyperthyroidism, gastrointestinal upset due to drugs, and lifestyle changes of participant; therefore, the difference in BMI between groups should be considered with caution. A meta-analysis of 99 studies with LT4 monotherapy showed increases in serum LDL-C and triglycerides concentrations in LT4-treated participants (14) .
What does the T3:T4 ratio mean in LT4-treated individuals and what is its contribution to differences in some variables between these individuals and the normal population? Although it has been suggested that fT3:fT4 ratio is more associated with metabolic parameters than TSH in normal subjects (23) , the clinical implication of the present study findings is not clear in this respect. Regression coefficients found in multivariate regression analysis of associated variables with the serum T3:T4 ratio (Table 5) showed that actual variance explained by this model was minimal and may be devoid of clinical significance.
The main strength of the present study is that it is the first study that compares some thyroid-related variables between Graves' patients on LT4 treatment and euthyroid Graves' patients; the differences were similar to those reported between LT4-treated and normal subjects (3) . A major limitation of this study is that patients on MMI therapy may not be a valid comparison group for the LT4-treated group; however, some of the results could also be seen in the subgroup of Graves' patients off MMI therapy for > 2 years. In addition, having a control group might have better defined the differences observed. There are also other limitations, as follows. The cross-sectional study cannot ascertain causality. We were not sure if the groups differed prior to treatment. Not all parameters related to the effect of thyroid hormones were examined. Many confounders were not studied and sources of recall bias may exist. Lastly, we did not have access to full baseline data of the three groups, in particular, body weight and BMI and their precise increment throughout the length of clinical changes in patients of both groups.
In conclusion, the present study showed that LT4-treated Graves' subjects had more general obesity, higher fT4, serum cholesterol, LDL-C, and triglycerides and lower serum HDL-C, serum TSH, T3, and T3:T4 ratio, when compared to euthyroid Graves' subjects. This observation may suggest that LT4 monotherapy may not be the ideal treat-
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